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A  poly(3,3-diethyl-3,4-dihydro-2H-thieno-[3,4-b][l,4]dioxepine)  (PProDOT-Et2)  counter  electrode  pre¬ 
pared  by  electrochemical  polymerization  on  a  fluorine-doped  tin  oxide  (FTO)  glass  substrate 
was  incorporated  in  a  platinum-free  dye-sensitized  solar  cell  (DSSC).  The  surface  roughness  and 
I_/I3_  redox  reaction  behaviors  based  on  PProDOT-Et2,  poly(3,4-propylenedioxythiophene)  (PProDOT), 
poly(3,4-ethylenedioxythiophene)  (PEDOT),  and  sputtered-Pt  electrodes  were  characterized,  and  their 
performances  as  counter  electrodes  in  DSSCs  were  compared.  Cells  fabricated  with  a  PProDOT-Et2  counter 
electrode  showed  a  higher  conversion  efficiency  of  7.88%  compared  to  cells  fabricated  with  PEDOT  (3.93%), 
PProDOT  (7.08%),  and  sputtered-Pt  (7.77%)  electrodes.  This  enhancement  was  attributed  to  increases  in 
the  effective  surface  area  and  good  catalytic  properties  for  I3_  reduction.  In  terms  of  the  film  thickness 
effect,  the  fill  factor  was  strongly  dependent  on  the  deposition  charge  capacity  of  the  PProDOT-Et2  layer, 
but  the  aggregation  of  PProDOT-Et2  in  thicker  layers  (>80mCcnrr2)  resulted  in  decreases  in  JSc  and  the 
cell  conversion  efficiency.  The  charge  transfer  resistances  (Rc ti )  of  the  PProDOT-Et2  counter  electrodes 
had  the  lowest  value  of  -18  Q  at  a  deposition  charge  capacity  of  40  mCcnrr2.  These  results  indicate  that 
films  with  high  conductivity,  high  active  surface  area,  and  good  catalytic  properties  for  I3_  reduction  can 
potentially  be  used  as  the  counter  electrode  in  a  high-performance  DSSC. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  1991,  the  successful  demonstration  of  dye-sensitized  solar 
cells  (DSSCs)  introduced  a  novel  approach  to  traditional  inorganic 
silicon  solar  cells  [  1  ].  In  order  to  further  improve  the  performance  of 
DSSCs,  extensive  research  has  been  conducted  on  each  constituent 
of  the  solar  cells  such  as  semiconductor  nano-crystalline  Ti02  [2], 
dye  molecules  [3],  electrolytes  [4],  and  counter  electrodes  [5-7]. 
For  the  counter  electrodes,  although  Pt  has  high  catalytic  activity 
for  I3-  reduction,  high  conductivity,  and  stability,  it  is  one  of  the 
most  expensive  components  in  DSSCs.  Therefore,  development  of 
counter  electrodes  with  alternative  materials  is  expected  to  reduce 
production  costs  of  DSSCs.  Several  varieties  of  carbonaceous  mate¬ 
rials  such  as  carbon  nanotubes,  activated  carbon,  graphite,  and 
carbon  black  have  been  employed  as  catalysts  for  counter  electrodes 
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in  DSSCs  [7,8].  However,  the  internal  resistance  of  a  device  increases 
with  the  thickness  of  the  counter  electrodes,  resulting  in  a  low  fill 
factor  and  efficiency.  Recently,  Murakami  et  al.  employed  carbon 
black  as  the  counter  electrode  in  DSSCs  and  achieved  a  remarkable 
conversion  efficiency  of  9.1%  under  100  mW cm-2  [7]. 

Meanwhile,  Saito  et  al.  used  chemically  polymerized  poly(3,4- 
ethylenedioxythiophene)  (PEDOT)  on  fluorine-doped  tin  oxide 
(FTO)  glass  as  the  counter  electrodes  and  obtained  a  conversion  effi¬ 
ciency  of  ~3.6%  under  100  mW  cm-2  [6].  Yanagida  and  co-workers 
also  developed  PEDOT-based  solid-state  electrolytes,  but  the  cell 
efficiencies  were  <1%  [9,10].  Considering  the  vast  literature  pub¬ 
lished  on  various  components  of  DSSCs,  it  was  found  that  only  a  few 
publications  employed  conducting  polymers  as  counter  electrodes, 
and  few  reports  on  electrochemical  preparation  exist. 

Previously,  we  reported  a  counter  electrode  prepared  by  spin¬ 
coating  poly(3,4-ethylenedioxythiophene):polystyrenesulphonate 
(PEDOT:PSS)  containing  carbon  black  and  showed  a  comparable 
cell  efficiency  with  cells  using  Pt  electrodes  [11].  In  this  paper,  we 
report  the  properties  of  several  poly(3,4-alkylenedioxythiophene)- 
derived  films  prepared  by  electrochemical  polymerization  which 
were  used  as  counter  electrodes  for  DSSCs.  The  influences 
of  film  morphologies,  material  conformations,  and  electrode- 
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position  capacities  on  the  performances  of  the  DSSCs  were 
investigated. 

2.  Experimental  procedures 

2.1.  Materials 

Anhydrous  Lil,  I2,  polyethylene  glycol)  (PEG)  (MW  20,000),  4- 
tertiary  butyl  pyridine  (TBP),  tertiary  butanol,  and  acetonitrile  were 
purchased  from  Merck.  3,3-diethyl-3,4-dihydro-2H-thieno-[3,4- 
b][l,4]dioxepine  (ProDOT-Et2),  3,4-propylenedioxythiophene 
(ProDOT),  3,4-ethylenedioxythiophene  (EDOT)  were  pur¬ 
chased  from  Aldrich.  Titanium  (IV)  tetraisopropoxide  (>98%) 
was  purchased  from  Acros  and  used  as  received.  N3  dye  (cis- 
di(thiocyanato)bis(2,2/-bipyridyl-4,4/-dicarboxylate)ruthenium 
(II))  was  obtained  from  Solaronix  (Aubonne,  Switzerland). 

2.2.  Preparation  of  counter  electrodes  and  Ti02  electrodes 

The  conducting  polymer  films  were  electrodeposited  onto  FTO 
glass  (Rsh  =  15  C2  square-1 )  by  applying  a  constant  potential  of  1.1  V 
(vs.  Ag/Ag+)  until  the  expected  charge  capacities  were  reached,  and 
the  Pt  (100  nm  thick)  was  sputtered  onto  the  FTO  glass.  The  struc¬ 
tural  nature  was  investigated  using  scanning  electron  microscopy 
(SEM,  Hitachi  S-4700)  and  atomic  force  microscopy  (AFM,  Digital 
Instruments,  Dimension-3100  Multimode). 

The  Ti02  nanoparticle  preparation  and  electrode  fabrication 
were  carried  out  according  to  the  literature  [12]  except  after  auto¬ 
clave  treatment,  where  the  solution  was  concentrated  to  13  wt.% 
and  PEG  was  added  to  prevent  film  cracking  during  drying.  The 
Ti02  paste  was  coated  onto  FTO  glass  using  a  glass  rod,  and  then 
sintered  at  500  °C  for  30  min. 


2.3.  Cell  assembly  and  measurements  of  the  DSSCs 

An  active  area  of  0.25  cm2  was  selected  from  the  sintered  Ti02 
electrode  and  immersed  in  a  3  x  10-4  M  solution  of  N3  dye  con¬ 
taining  acetonitrile  and  tertiary  butanol  (in  a  volume  ratio  of  1:1) 
overnight.  The  cell  was  assembled  with  the  two  electrodes  sepa¬ 
rated  by  the  electrolyte  composed  of  0.5  M  LiI/0.05  M I2 / 0.5  M  TBP  in 
acetonitrile  and  an  ionomer  resin  of  50  p,m  (Surlyn  1702,  Dupont). 

The  DSSCs  were  energized  using  a  light  source  of  a  450-W  Xe 
lamp  (#6266,  Oriel)  equipped  with  a  water-based  infrared  (IR) 
filter  and  an  AM  1.5  filter  (#81075,  Oriel).  Photoelectrochemi¬ 
cal  characteristics  and  electrochemical  impedance  spectroscopic 
(EIS)  measurements  of  the  DSSCs  were  recorded  with  a  potentio- 
stat/galvanostat  (PGSTAT  30,  Autolab,  Eco-Chemie)  under  constant 
light  illumination  of  lOOmWcm-2.  The  applied  bias  voltage  was 
set  at  an  open-circuit  voltage  of  the  DSSCs,  and  the  AC  amplitude 
was  10  mV  between  the  counter  and  working  electrodes,  in  the  fre¬ 
quency  range  of  10  mHz  to  65  kHz.  The  impedance  spectra  were 
analyzed  based  on  an  equivalent  circuit  model  [13]. 

3.  Results  and  discussion 

3.1.  Characterization  of  different  conducting  polymer  films  and 
the  influence  of  the  deposition  charge  capacity  on  the 
conformation  and  catalyst  effects 

Different  conducting  polymer  films  (PEDOT,  PProDOT  and 
PProDOT-Et2 ),  electropolymerized  at  a  constant  potential  of 
1.1  V  (vs.  Ag/Ag+)  on  the  FTO  glass  with  a  deposition  charge 
capacity  of  40mCcm-2,  were  characterized.  The  order  of 
the  root-mean-square  (RMS)  roughness,  Rrms.  was  PProDOT- 
Et2  >  PProDOT  >  PEDOT  >  sputtered-Pt,  as  measured  by  AFM.  The 
PProDOT-Et2  film  showed  a  wire-like  and  highly  porous  structure 


Fig.  1.  The  top  view  SEM  images  of  various  thin  film  materials:  (a)  Pt  (lOOnm),  (b)  PEDOT  (40mCcirr2),  (c)  PProDOT  (40mCcirr2),  and  (d)  PProDOT-Et2  (40mCcirr2). 
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Table  1 

Cell  performances  of  dye-sensitized  solar  cells  (DSSCs)  based  on  different  kinds  of  counter  electrode  materials.  These  cell  performances  were  measured  under  illumination 
at  lOOmWcm2. 


Counter  electrode3 

Rrmsh  (nm) 

Jlimc  (mAcm-2) 

Voc  (mV) 

Jsc  (mAcm-2) 

nm 

FF 

Sputtered-Pt 

23.6  ±  1.7 

0.68  ±  0.04 

715  ±  5 

17.28  ±  0.40 

7.77  ±  0.12 

0.63  ±  0.01 

PEDOT 

53.7  ±  2.7 

0.25  ±  0.02 

705  ±  5 

8.84  ±  0.50 

3.93  ±  0.14 

0.63  ±  0.01 

PProDOT 

61.3  ±  3.1 

0.63  ±  0.05 

715  ±  5 

16.80  ±  0.60 

7.08  ±  0.12 

0.59  ±  0.01 

PProDOT-Et2 

83.5  ±  2.2 

0.67  ±  0.05 

720  ±  5 

18.00  ±  0.50 

7.88  ±  0.10 

0.61  ±  0.01 

a  The  thickness  of  sputtered-Pt  electrode  was  ca.  100  nm,  and  the  PEDOT,  PProDOT  and  PProDOT-Et2  films  were  all  electrodeposited  at  40mCcirr2  at  a  constant  potential 
of  1.1  V  (vs.  Ag/Ag+). 

b  Rrms  means  the  root-mean-square  roughness. 

c  The  limiting  current  density  (Jum)  of  various  materials  as  working  electrodes  was  measured  in  a  three-electrode  electrochemical  cell. 


due  to  the  steric  effect  (refer  to  Fig.  1),  so  it  was  rougher  than 
the  PProDOT  and  PEDOT  films,  firms  values  of  those  films,  which 
reflect  the  degree  of  surface  roughness,  are  listed  in  Table  1.  The 
PProDOT-Et2  film  showed  the  largest  firms  value  of  ca.  82  nm  over 
a  5  x  5-fxm  area,  indicating  that  the  film  possessed  the  largest  sur¬ 
face  area  among  those  films.  The  limiting  current  densities  (Jum) 
of  different  electrodes  measured  by  chronoamperometry  are  also 
listed  in  Table  1.  Although,  the  sputtered-Pt  film  had  a  lower  value 
of  firms,  the  high  conductivity  and  good  catalytic  performance  for 
reduction  of  I3_,  leading  to  a  high  Jumi  were  as  good  as  those  of 
the  PProDOT-Et2  film.  The  high  surface  area  arising  from  the  wire¬ 
like  nanoporous  nature  of  the  PProDOT-Et2  film  is  advantageous  for 
DSSC  performance,  which  in  turn  enhances  values  of  Jsc- 

Cyclic  voltammetry  (CV)  which  analyzes  the  relationship 
between  ion  diffusivity  and  reaction  kinetics  of  an  electrochem¬ 
ical  system  was  applied  to  the  different  electrodes  as  shown  in 
Fig.  2.  The  two  anodic  and  cathodic  peaks  represent  the  following 
reactions: 

3I-^I3-  +  2e-  (1) 

2I3-«>  3I2  +  2e-  (2) 

Fig.  2  reveals  larger  anodic  and  cathodic  peaks  and  associated 
charges  for  the  PProDOT-Et2  film  than  for  the  PProDOT  and  PEDOT 
films.  Fig.  3a  shows  the  CV  of  r/I3_  redox  couples  on  PProDOT-Et2 
film  with  various  scan  rates  in  acetonitrile,  and  the  relationship 
between  the  anodic  and  cathodic  peaks  and  square  root  of  the 
scan  rate  is  shown  in  Fig.  3b.  The  linear  relationship  indicates  the 
diffusion  limitation  of  the  redox  reaction  on  PProDOT-Et2  film.  In 
comparison  to  the  Pt  electrode,  the  redox  reaction  at  the  PProDOT- 
Et2  surface  was  little  affected  by  the  adsorption  of  iodide  species 


Fig.  2.  Cyclic  voltammetry  (CV)  of  iodide  species  on  different  conducting  polymer 
films  and  Pt  electrodes  in  an  acetonitrile  solution  with  10  mM  Lil,  1  mM  I2,  and  0.1  M 
LiC104. 


under  these  conditions.  This  also  suggests  that  no  specific  interac¬ 
tion  between  I_/I3_  and  the  PProDOT- Et2  electrode  occurred,  as  in 
the  case  of  the  Pt  electrode  [6,14]. 

The  influence  of  the  deposition  charge  capacity  on  the  confor¬ 
mation  of  the  PProDOT-Et2  films  was  also  investigated  from  the 
top  view  of  the  SEM  images,  as  shown  in  Fig.  4.  The  PProDOT- 
Et2  film  showed  a  dense  conformation  at  lOmCcrn-2,  and  then  a 
porous  structure  emerged  with  a  further  increase  to  40mCcm-2. 
Elowever,  aggregation  appeared  when  the  deposition  charge  capac¬ 
ity  exceeded  80  mC  cm-2  with  large  pores  contained  in  the  films. 
The  PProDOT-Et2  film  even  peeled  off  when  the  charge  capacity 
exceeded  200mCcnrr2.  Those  appearances,  aggregation,  and  the 
presence  of  large  pores  in  the  films  reduced  the  catalytic  activity 
for  I3_  reduction. 


(Scan  rate)172  (V  s')m 


Fig.  3.  (a)  The  CVs  of  iodide  species  on  ProDOT-Et2  film  with  various  scan  rates  in 
acetonitrile  solution  of  10  mM  Lil,  1  mM  I2  and  0.1  M  LiC104  and  (b)  peak  current  as 
a  function  of  scan  rate  in  CV  tests  of  (a). 
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Fig. 4.  SEM  images  of  PProDOT-Et2  films  with  various  deposition  charge  capacities  ( x  10,000):  (a)  10  mC  cm-2,  (b)  20  mC  cm-2,  (c)  40  mC  cm-2,  (d)  80  mC  cm-2,  (e)  120  mC  cm-2, 
(f)  160mCcirr2,  and  (g)  200mCcirr2.  (h)  Image  of  sputtered-Pt  (100  nm)  for  comparison. 


3.2.  Influences  of  the  conducting  polymer  as  the  counter  electrode 
and  electrodeposition  charge  capacity  on  the  performance  of 
DSSCs 

The  photovoltaic  parameters  of  DSSCs  with  different  counter 
electrodes  are  given  in  Table  1.  In  fact,  the  PProDOT-Et2  film 
revealed  the  highest  active  surface  area,  as  judged  by  the  root- 
mean-square  roughness  (firms).  The  DSSC  with  a  PProDOT-Et2 
counter  electrode  had  the  highest  short-circuit  current  density  C/Sc) 
and  open-circuit  voltage  (V0c)>  resulted  in  a  good  conversion 
efficiency  of  7.88%,  compared  to  7.77%  for  the  cell  prepared  with  the 
sputtered-Pt  electrode.  The  cell  with  the  PEDOT  counter  electrode 
showed  the  lowest  value  of JSc  of  8.84  mA  cm-2  due  to  its  low  active 
surface  area.  In  addition,  the  incident  photo-to-current  conversion 


efficiency  (IPCE)  had  the  same  trend  (not  shown  here).  The  IPCE 
exceeded  70%  in  a  spectral  range  from  400  to  560  nm  and  reached  a 
maximum  of  about  80%  at  520  nm  for  DSSCs  with  the  sputtered-Pt 
and  PProDOT-Et2  counter  electrodes.  The  value  of  IPCE  for  cells  with 
the  PProDOT  electrode  exhibited  a  small  decrease;  however,  those 
with  the  PEDOT  electrode  only  reached  ca.  50%  of  the  maximum 
value. 

The  photovoltaic  performances  with  various  deposition  charge 
densities  of  PProDOT-Et2  counter  electrodes  are  shown  in  Fig.  5a, 
and  the  parameters  are  summarized  in  Fig.  5b  and  c.  The  V0c  of 
DSSCs  was  unaffected  by  changing  the  deposition  charge  capac¬ 
ity,  and  the  average  value  was  0.72  ±  0.05  V  (Fig.  5b).  The  most 
pronounced  change  was  observed  in  the  fill  factor  (FF),  which 
significantly  increased  from  0.38  to  0.62  with  an  increase  in  the 
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Deposited  charge  density  /  mC  cm 2 


Fig.  5.  (a)  The  J-V  curve  of  dye-sensitized  solar  cells  (DSSCs)  based  on  PProDOT-Et2 
counter  electrodes  with  different  deposition  charge  capacities,  and  summarized  in 
(b).  The  Voc  and  FF  of  the  DSSCs  vs.  the  deposition  charge  capacity  and  (c)  the  Jsc 
and  cell  conversion  efficiency  of  DSSCs  vs.  the  deposition  charge  capacity. 


deposition  charge  capacity  of  10-40  mC  cm-2.  At  higher  deposition 
charge  capacities,  values  of  FF  remained  around  0.62  (Fig.  5b).  Fig.  5c 
reveals  that  the  Jsc  and  cell  conversion  efficiency  (i/)  increased  from 
16.8  to  18.2  mA  cm-2  and  from  4.6  to  7.9%,  respectively,  when  the 
deposition  charge  capacity  increased  from  10  to  40mCcnrr2.  Fur¬ 
ther  increases  in  the  deposition  charge  capacity  led  to  a  decrease 
in  the  JSc  due  to  aggregation  of  PProDOT-Et2  and  the  appearance  of 
large  pores  in  the  film  which  reduced  the  active  surface  area.  It  is 
clear  that  the  cells  using  bare  FTO  as  the  counter  electrode  with  no 
catalyst  performed  poorly  (only  0.02%)  [7].  The  necessity  of  deposit¬ 
ing  an  effective  catalyst  onto  the  FTO  counter  electrode  can  easily 
be  appreciated  from  the  above  results. 

The  EIS  analysis  of  DSSCs  with  counter  electrodes  of  various 
deposition  charge  capacities  are  shown  in  Fig.  6.  Fig.  6a  shows 
that  the  overall  series  resistances  of  the  cell  ( Rs )  decreased  for 
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Fig.  6.  EIS  measurements  of  dye-sensitized  solar  cells  (DSSCs).  (a)  The  series 
resistance  of  the  device  (Rs)  and  the  charge  transfer  resistance  at  the  counter  elec¬ 
trode/electrolyte  interface  (Kcti )  fitted  from  the  Nyquist  plots  and  (b)  Bode  phase 
plot. 

deposition  charge  capacities  of  10-40  mCcm-2,  indicating  that  the 
conductivity  of  the  counter  electrode  increases  with  growth  of 
the  PProDOT-Et2  film.  The  decrease  in  Rs  improved  the  FF  of  the 
DSSCs  to  achieve  better  performance.  As  for  the  electrochemical 
reaction  at  the  counter  electrode  interface  in  the  high-frequency 
region  (103-105  FIz),  represented  by  Rct i,  it  decreased  from  11  to 
5  £2  for  deposition  charge  capacities  of  10-40  mC  cm-2  and  fur¬ 
ther  increased  when  the  charge  capacity  exceeded  80  mC  cm-2.  The 
lowest  ficti  value  was  noted  at  40mCcm-2,  due  to  the  high  active 
surface  area  and  good  catalytic  property  for  the  reduction  of  I3~. 
Furthermore,  in  the  Bode  phase  plot  (Fig.  6b),  the  characteristic 
peak  value  shifting  to  a  higher  frequency  means  that  the  redox 
reaction  rate  on  the  counter  electrode  is  faster.  It  was  found  that 
the  peak  shifted  to  a  higher  frequency  and  then  shifted  back  with 
an  increase  in  the  deposition  charge  capacity.  The  highest  char¬ 
acteristic  frequency  peak  was  determined  at  a  deposition  charge 
capacity  of  40  mCcnrr2.  These  EIS  analyses  also  support  the  above 
photovoltaic  results. 

4.  Conclusions 

The  effects  of  various  conducting  polymers  as  counter  electrodes 
and  the  electrodeposition  charge  capacities  on  the  performance  of 
platinum-free  DSSCs  were  studied.  The  PProDOT-Et2 -based  DSSC 
showed  the  best  cell  performance,  compared  to  that  using  PEDOT 
or  PProDOT;  this  was  due  to  the  good  catalytic  property  of  PProDOT- 
Et2  for  reducing  I3~  and  the  higher  surface  active  area  from  its 
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wire-like  structure.  The  CV  measurement  involving  the  I-/l3-  redox 
reaction  on  the  PProDOT-Et2  electrode  showed  no  major  difference, 
compared  to  that  of  the  sputtered-Pt  electrode.  The  PProDOT-Et2- 
based  DSSC  had  the  best  conversion  efficiency  of  7.88%  when  the 
deposition  charge  capacity  of  PProDOT-Et2  reached  40mCcnrr2, 
with  Jsc,  Voc ,  and  FF  values  of  18.00  mA cm-2,  0.72  V,  and  0.61, 
respectively. 
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